A marine-derived compound, abalone hemocyanin, from Haliotis rubra was shown to have a unique mechanism of antiviral activity against herpes simplex virus 1 (HSV-1) infections. In vitro assays demonstrated the dose-dependent and inhibitory effect of purified hemocyanin against HSV-1 infection in Vero cells with a 50% effective dose (ED 50 ) of 40 to 50 nM and no significant toxicity. In addition, hemocyanin specifically inhibited viral attachment and entry by binding selectively to the viral surface glycoproteins gD, gB, and gC, probably by mimicking their receptors. However, hemocyanin had no effect on postentry events and did not block infection by binding to cellular receptors for HSV. By the use of different mutants of gD and gB and a competitive heparin binding assay, both protein charge and conformation were shown to be the driving forces of the interaction between hemocyanin and viral glycoproteins. These findings also suggested that hemocyanin may have different motifs for binding to each of the viral glycoproteins B and D. The dimer subunit of hemocyanin with a 10-fold-smaller molecular mass exhibited similar binding to viral surface glycoproteins, showing that the observed inhibition did not require the entire multimer. Therefore, a small hemocyanin analogue could serve as a new antiviral candidate for HSV infections.
T he predominant antiviral therapies for herpes simplex virus (HSV) infections are nucleoside analogue inhibitors, such as acyclovir, its prodrug valacyclovir, famciclovir (a prodrug of penciclovir), and the second line of drugs for resistant virus, foscarnet and cidofovir. These drugs are all inhibitors of viral DNA polymerase (1) . The variety is limited despite the fact that HSV has more than 80 genes that are required for its functionality and, therefore, could potentially be targeted by multiple types of inhibitors (2) . Thus, improving the efficacy of current HSV treatment relies on the discovery of new antiviral compounds targeting various functions of the virus, preferably earlier stages of the HSV viral life cycle such as viral attachment and entry.
Viral attachment and entry are regulated by surface glycoproteins gC, gB, gD, and gH-gL (3, 4) . Attachment is a two-step process involving the primary interaction of gC and/or gB with heparan sulfate proteoglycans (HSPG), followed by the secondary gD-mediated binding to its receptors, such as herpesvirus entry mediator (HVEM), nectin-1, or 3-O-sulfated heparan sulfate. This interaction triggers the activation of gH-gL and gB, which leads to the fusion of viral envelope and plasma membrane of the host cell either at the surface or in the endosomes (3, 4) . Many steps in the entry process of HSV remain unclear; however, it is known that gD determines HSV tropism and that the conformational changes in gD upon binding to its receptors are critical in triggering an activation cascade (5, 6) .
Viral attachment or entry could be inhibited by mimicking cellular receptors that are involved in these events. For example, heparin interacts with HSPG binding domains in gB and gC, thereby inhibiting viral attachment to cells and, subsequently, infection (7) . This interaction is electrostatically driven and occurs between negatively charged carboxyl and sulfate groups on heparin and the lysine-rich domains in gB and gC, known as the PK region (8) . The inhibitory effect of heparin is, however, limited to viral binding (9) .
Attempts to find novel inhibitors of HSV binding and entry have directed many researchers toward natural products such as small molecules, including phenols, polyphenols, flavonoids, sugar-containing compounds, and peptides (10) . Recently, it was shown that hemolymph from molluscs has antiviral activity against herpes simplex virus 1 (HSV-1) (11) (12) (13) (14) (15) . The hemolymph contains hemocyanin as its major constituent (16) . However, endogenous antimicrobial peptides are also present or synthesized and secreted into hemolymph upon microbial challenge (11, (17) (18) (19) . Several studies reported that the antiviral activity of hemolymph against HSV-1 is related to hemocyanin (20) (21) (22) . However, peptides that were extracted from the hemolymph also exhibit antiviral activity (23) . Hemocyanin is a large copper-containing glycoprotein (8,000 kDa), and its main function is to circulate, bind, and release oxygen in the animal's tissues (24) . The native hemocyanin protein has two isoforms, contains high negativecharge density on its surface, and exists as didecamers that are comprised of 10 dimer subunits (with molecular mass of ϳ800 kDa) (16, 25, 26) . Although the antiviral activity of abalone hemocyanin on HSV has been demonstrated, its mechanism of action has yet to be elucidated (12) .
The aim of this study was to provide a mechanistic understanding of the antiviral activity of hemocyanin from abalone Haliotis rubra against HSV-1 infections. Hemocyanin was shown to be the active compound after its isolation and concentration from the hemolymph by the use of ultrafiltration. More importantly, it was shown that hemocyanin inhibits viral attachment and entry, and the highest inhibition was obtained when it was preincubated with the virus rather than the cells. We demonstrated that this effect is due to hemocyanin binding selectively to gB, gC, and gD. In addition, we used mutant viral glycoproteins and demonstrated that the lysine-rich region in gB is the binding site for hemocyanin. Furthermore, hemocyanin appears to mimic nectin-1 in binding to gD. Our findings show that hemocyanin has a potential as a new therapeutic approach against HSV-1 by acting as a mimetic of cellular receptors for viral binding and attachment.
MATERIALS AND METHODS

Materials.
Hemolymph from Tasmanian abalone H. rubra was supplied by the Marine Biotechnology Australia Pty Ltd. African green monkey kidney (Vero) cells were propagated in Dulbecco modified Eagle medium (DMEM) (Lonza) supplemented with 5% fetal bovine serum (FBS) (Sigma) and 1% penicillin-streptomycin (Life Technologies). Viruses were HSV-1 F strain (27) , vUL37-GFP (green fluorescent protein-labeled) HSV-1 (strain 17) (kindly provided by Frazer Rixon, MRC Virology Unit, Institute of Virology, United Kingdom) (28) , and HSV F-GS2822 (kindly provided by Greg Smith, Northwestern University, USA) (29) . The virus titer was calculated using a fluorescent focus assay on Vero cells (30) . Polyclonal rabbit serum against gD (R7) (31), gB (R68) (32) , and gC (R47), along with recombinant glycoproteins gD-1 (306t), gD-1 (rid), gC-1 (214t) (33) (34) (35) , gB-1 (730t), and gB-1 (PK Ϫ ) (36) (37) (38) were a kind gift of Gary H. Cohen and Roselyn J. Eisenberg (University of Pennsylvania, USA). Anti-hemocyanin antibody was raised against whole abalone hemocyanin (didecamer) in rabbits at Flinders University. Other antibodies included anti-rabbit IgG (whole molecule)-peroxidase antibody (Sigma), herpes simplex virus 1 antibody-horseradish peroxidase (HRP) conjugate (Thermo Scientific), Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen), rabbit polyclonal antibody against HSV-1 VP16 tegument (Abcam), rabbit anti-CMV-pp65 antibody (Abbiotec), and normal rabbit IgG (Invitrogen).
Virus purification. Vero cells at 90% confluence were infected with HSV-1 at a multiplicity of infection (MOI) of 0.01 PFU/ml and were incubated for 2 to 3 days or until full cytopathic effect (CPE). For vUL37-GFP HSV-1 and HSV F-GS2822, cells were lysed by three cycles of freezing and thawing and two cycles of sonication (Branson Digital 450 cup sonifier) at 70% amplitude for 30 s in ice-cold water with a 20-s pause between each pulse. The cells were then pelleted at 1,000 ϫ g (Heraeus Multifuge X3R centrifuge; Thermo Scientific) for 15 min at 4°C, and supernatant was aliquoted and stored at Ϫ80°C. For F strain, the infected cells were harvested and pelleted at 210 ϫ g for 5 min and then lysed to release virus by three cycles of sonication under the same conditions as described above. Subsequently, the cells were centrifuged at 1,000 ϫ g for 30 min to remove cell debris. The resulting supernatant was centrifuged for 2 h at 4°C using a type 70 Ti rotor at 23,000 ϫ g (Optima XPN-100 ultracentrifuge; Beckman Coulter). The pellets were resuspended in phosphate-buffered saline (PBS) and layered onto a 20% sucrose cushion and centrifuged for 2 h at 4°C using an SW 32 Ti rotor at 26,000 ϫ g with no brake. The pellet was resuspended in PBS and ultracentrifuged for 2 h at 4°C using a type 70 Ti rotor at 80,000 ϫ g to remove sucrose. The pellet was resuspended in PBS and stored at Ϫ80°C prior to titering and subsequent use in an enzyme-linked immunosorbent assay (ELISA).
Purification of hemocyanin. Hemolymph was collected and centrifuged at 4,000 ϫ g at 4°C for 15 min to remove blood cells. Cell-free hemolymph is at neutral pH and is here called abalone serum. Purification of hemocyanin from abalone serum was performed by ultrafiltration as described elsewhere (39) . The ultrafiltration was repeated for three cycles under the same conditions, and after each cycle, samples of retentate and permeate were pooled and the protein concentration and composition were determined using Qubit assay and blue native PAGE as described previously (39) . Freshly prepared filtered protein samples, which consisted mainly of didecamer species but also lower-molecular-mass species, especially dimer subunits, were diluted in DMEM and used in in vitro tests.
Preparation of dimer subunits. A region of the blue native PAGE gel containing hemocyanin dimer subunits (700-to 800-kDa region) was excised, cut into small pieces, and then placed in dialysis bags (molecular weight cutoff, 7,000 Da) with 1 to 1.5 ml native PAGE running buffer. The dialysis bags were submerged in the same buffer in a horizontal electrophoresis tank for elution at 200 V for 2 h. Subsequently, the native PAGE running buffer was pooled and filtered (Amicon ultracentrifugal filter units, 30 kDa; Millipore) to concentrate dimer subunits. The protein concentration in the resulting retentate was determined by reading the absorbance at 280 nm (Nano Drop 2000; Thermo Scientific). The molar extinction coefficient was calculated based on the number of tryptophan and tyrosine residues in the amino acid sequence of Haliotis. tuberculata available in the NCBI database. After that, 0.1% absorbance was calculated as the ratio of the molar extinction coefficient to the molecular mass of H. tuberculata subunit.
Gel filtration chromatography. Gel filtration chromatography was applied to monitor the composition of hemocyanin before and after purification. The high-performance liquid chromatography (HPLC) system consisted of a Shimadzu CBM-20A module (Shimadzu, Kyoto, Japan) equipped with an LC-20AT delivery unit with a DGU-20As vacuum degasser, an SIL-20AC auto injector, and an SPD-M20A diode array detector. Chromatographic separation was conducted in size exclusion mode using a column packed with methacrylate hydrogel (PL aquagel-OH MIXED-H, 8 m, 300 by 7.5 mm; Agilent Technologies) maintained at 40°C. The mobile phase consisted of 100 mM Tris-HCl buffer with a pH of 7.4 and was delivered isocratically at a flow rate of 0.8 ml/min. UV spectra were collected in the 200-to 400-nm range for peak detection and determination of peak purity. The injection volume was 30 l, and samples were filtered through a 0.22-m low protein binding nylon syringe filter prior to injection.
Cytotoxicity assay. The effect of hemocyanin on cell viability was assessed using the WST-1 assay as described previously and according to the manufacturer's specifications (Roche) (39) . Antiviral infectivity assay in Vero cells. The antiviral activity of abalone serum and hemocyanin against vUL37-GFP HSV-1 was determined using a fluorescent focus assay as described before (39) . Abalone serum/ hemocyanin and HSV-1 were added to the cells together at 1:1 volume ratio, at final concentrations of 20, 37.5, 75, 156, and 312 nM and an MOI of 0.01 PFU/ml. An optimal virus concentration was determined to produce 100 to 150 fluorescent foci per well in the control (Vero cells infected with the virus but not treated with hemocyanin). The number of green fluorescent foci for each sample was counted manually with a Leica upright fluorescence microscope, and the percent reduction in the number of fluorescent foci was calculated relative to the control. This experiment was performed in triplicate.
Kinetics of antiviral activity. For the experiments discussed below, hemocyanin was used at a concentration of 150 nM and vUL37-GFP HSV-1 was used at an MOI of 0.01 PFU/ml in 1% DMEM supplemented with 1% FBS (pH 7.5) unless otherwise stated. The hemocyanin concen-tration was 3-fold below the concentration of sample at which 50% of cells are viable (CC 50 ) and 4-fold above the effective concentration of hemocyanin causing 50% reduction in the number of fluorescent foci (EC 50 ) ( Table 1 ). The MOI was adjusted to obtain 150 to 200 nonconfluent fluorescent foci per coverslip of the infected controls (cells infected but not treated with hemocyanin). These experiments were performed twice in triplicate.
Viral binding and entry versus postentry assay. Vero cells were pretreated with hemocyanin for 2 h at 37°C, which was then replaced with virus and hemocyanin at a 1:1 volume ratio. The cultures were then incubated for 2 h at 37°C to study the effect of hemocyanin on viral attachment and entry. The cells were then washed with PBS three times to remove unbound virus and hemocyanin. To study the effect of hemocyanin on postentry events, virus was added to Vero cells at 37°C for 2 h. Unbound virus was removed by three washes in PBS, and then medium containing hemocyanin was added to the cells for 2 h at 37°C. Hemocyanin was then removed, and the cultures were washed with PBS three times. Fluorescent foci were counted manually as described above. The infected control consisted of cells infected but not treated with hemocyanin, and the mock control consisted of cells treated with hemocyanin but not infected with virus.
Effect of hemocyanin on cellular receptors. Vero cells were treated with hemocyanin for 2 h at 37°C. Hemocyanin was removed, and the cells were washed before the addition of virus for 2 h at 37°C. Following the removal of unbound virus and incubation for a total of 48 h, the cells were fixed and fluorescent foci were counted as described above. The infected control consisted of cells that were not pretreated with hemocyanin, and the mock control consisted of cells that were treated with hemocyanin but not infected with virus.
Direct HSV-hemocyanin binding assay. Virus was exposed to 300 nM hemocyanin or 10.5 M heparin at a 1:1 volume ratio and incubated at 25°C or 4°C for 20 min. The mixtures were then added to Vero cells and incubated at 37°C for 2 h. The cells were washed three times to remove unbound virus and hemocyanin/heparin and incubated for 48 h at 37°C in carboxymethyl cellulose (CMC)-containing medium. Cells were then fixed, and fluorescent foci were counted. The infected control consisted of virus mixed with medium, and the mock control consisted of hemocyanin mixed with medium.
ELISA. (i) Optimization of surface coating with hemocyanin. Serial dilutions of purified hemocyanin (from 0.002 to 3.14 nM) or dimer subunit (from 0.003 to 5.7 nM) in 0.1 M carbonate buffer (pH 9.4) were added to MaxiSorp 96-well plates (Nunc) in two replicates and incubated overnight at 4°C. The plate was then washed with washing solution POD (Enzygnost), blocked with StabilGuard immunoassay stabilizer, BSA free (SurModics), for 30 min at room temperature, and washed three times before the addition of anti-hemocyanin antibody (1:8,000) in PBS supplemented with 1% Tween 20 and 2% FCS (PBS-T-FCS). Following 2 h of incubation at room temperature, the plate was washed three times and anti-rabbit IgG (whole molecule)-peroxidase antibody (1:15,000) in PBS-T-FCS was added for 1 h at room temperature. The plate was then washed three times, followed by the addition of the substrate (tetramethylbenzidine [TMB]; Enzygnost) for 15 to 18 min at room temperature. The reaction was stopped with stopping solution POD (Enzygnost). The optical density (OD) was then read at 450 nm using a plate reader (Thermofisher Scientific). A background well contained hemocyanin/dimer subunit incubated with anti-rabbit IgG (whole molecule)-peroxidase antibody in the absence of anti-hemocyanin antibody.
(ii) Hemocyanin-HSV-1 binding assay. Plates were coated with hemocyanin at 0.05 nM and the dimer subunit at 1.4 nM overnight at 4°C in two replicates. The plate was then washed three times, and 100 l of two-times serially diluted purified HSV-1 (F strain, 3.3 ϫ 10 8 PFU/ml) in 0.1 M carbonate buffer was added to the wells for 2 h at room temperature. The wells were blocked and washed as described above, followed by the addition of HSV-1 antibody-HRP conjugate (1:2,000) in PBS-T-FCS for 1 h at room temperature. The rest of the assay was performed as described above. Results are presented after subtracting background signal obtained from parallel mock assays in which no HSV-1 was added. Negative controls were wells that were coated with StabilGuard instead of hemocyanin.
(iii) Identification of hemocyanin-binding viral glycoproteins. Purified HSV-1 (F strain) was mixed with different dilutions of polyclonal anti-gD (R7), -gB (R68), or -gC (R47) IgG in PBS-T-FCS for 1 h at room temperature. These mixtures were then added to immobilized hemocyanin at 0.1 nM for 2 h at room temperature. After washing three times, HSV-1 was detected with HSV-1 antibody-HRP conjugate raised against whole HSV-1, strain F. The percentage of inhibition of binding for each antibody was calculated, after adjusting background, based on the signal detected for the positive control. The positive control consisted of virus mixed with PBS-T-FCS. The negative control consisted of virus mixed with rabbit polyclonal antibody to HSV-1 tegument protein VP16 or normal rabbit IgG, and background was PBS-T-FCS mixed with polyclonal rabbit serum R7, R68, or R47 in the absence of virus.
(iv) Direct hemocyanin binding to recombinant viral glycoproteins. Recombinant gD-1 (306t), gB-1 (730t), gC-1 (214t), gD-1(rid), and gB-1 (PK Ϫ ) were serially 2-fold diluted (0.03 to 16 M) in PBS-T-FCS and added to immobilized hemocyanin or the dimer subunit on an ELISA plate at 0.05 nM or 1.4 nM, respectively, for 2 h at room temperature. The plates were then washed three times, and polyclonal anti-gD (R7), -gB (R68), or -gC (R47) IgG, which was diluted in PBS-T-FCS at 1:1,000, was added to their respective glycoproteins for 2 h at room temperature. The plate was then washed three times and incubated with anti-rabbit IgG (whole molecule)-peroxidase antibody at 1:15,000 in PBS-T-FCS for 1 h at room temperature. Detection was performed as described above. The positive control consisted of hemocyanin/dimer subunit only detected with anti-hemocyanin antibody and peroxidase-conjugated rabbit IgG. The negative control was prepared by the addition of a 2-fold serial dilution of cytomegalovirus (CMV) pp65 recombinant protein (Miltenyi Biotec) to hemocyanin/dimer subunit, which was detected with rabbit CMVpp65 antibody at 1:1,000 and peroxidase-conjugated rabbit IgG. Background consisted of hemocyanin or the dimer subunit detected with anti-rabbit IgG (whole molecule)-peroxidase antibody.
(v) Competition ELISA with heparin. Recombinant gD-1 (306t) at 8 M and gB-1 (730t) at 2 M were mixed with an increasing concentration of heparin in PBS-T-FCS for 1 h at room temperature. These mixtures were then added to immobilized hemocyanin at 0.1 nM for 2 h at room temperature. After washing three times, polyclonal anti-gD (R7) and -gB (R68) were added to their respective glycoproteins for 2 h at room temperature. The plate was then washed three times and incubated with antirabbit IgG for 1 h. Detection was performed as described above. The positive control consisted of gB/gD mixed with PBS-T-FCS. The negative control consisted of pp65 (8 M) mixed with heparin, and background was PBS-T-FCS mixed with polyclonal rabbit serum R7 or R68 in the absence of gD/gB. Immunofluorescence microscopy and image analysis: effect of virus exposure to hemocyanin on viral entry. HSV F-GS2822 at an MOI of 20 was mixed with 300 nM hemocyanin for 20 min at 4°C. Hemocyaninvirus complex was then added to Vero cells grown on coverslips at 37°C for 1 h. Cultures on coverslips were then fixed and stained as described previously (40) with anti-hemocyanin antibody (1: 2,000) for detection of hemocyanin. The coverslips were then mounted on glass slides using Prolong Gold with 4=, 6=-diamidino-2-phenylindole (DAPI). The infection Statistical analysis. The results of the experiments were expressed as means Ϯ standard deviations (SD). Comparisons between groups were made using one-way analysis of variance (ANOVA). Statistical significance was defined at a P value of Ͻ0.05.
RESULTS
Purification of hemocyanin.
Purification of hemocyanin from abalone serum was conducted by ultrafiltration using 100-kDamolecular-mass-cutoff filters to ensure that subsequent antiviral activity tests measured the efficacy of hemocyanin rather than the small peptides. Following each 20-min cycle of filtration, the protein compositions of retentate and permeate were monitored by blue native PAGE as shown in Fig. 1A . The electrophoretic profiles of retentate after one cycle (R1), two cycles (R2), and three cycles (R3) of ultrafiltration demonstrated the characteristic bands of the two isoforms of whole hemocyanin at 1,414 and 1,260 kDa and dimer subunits at 820 and 748 kDa. In contrast, the permeate contained a small amount of whole hemocyanin. In addition, the protein concentration in the permeate and retentate remained almost constant following each cycle of ultrafiltration, with retentate containing considerably more protein than permeate (Table  1 ). This suggests that only a negligible amount of hemocyanin protein was lost due to ultrafiltration. Filtered sample and abalone serum were then applied to gel filtration chromatography as shown in Fig. 1B . The single peak for filtered serum, as opposed to several peaks in abalone serum, confirmed the efficacy of ultrafiltration for purification of hemocyanin. The minor peaks that eluted after hemocyanin are most likely lower-molecular-weight forms of hemocyanin or possibly nonhemocyanin proteins.
Testing of purified hemocyanin for cytotoxicity and antiviral activity. First, we tested whether the purified hemocyanin retained the previously detected antiviral activity of hemocyanin as measured by the therapeutic index, equivalent to the EC 50 divided by the CC 50 (39) . First, toxicity (CC 50 ) of retentates and permeates was assessed using a WST-1 assay. As illustrated in Fig. 1C , the retentate was 25 to 47 times less toxic than its respective permeate when tested on Vero cells, indicating that toxic compounds had been removed with (repeated) ultrafiltrations. Furthermore, each 20-min cycle of ultrafiltration decreased the toxicity by 65, 12, and 16%, with the least toxic preparation obtained after three cycles of ultrafiltration (CC 50 ϭ 604 nM or 5.07 mg/ml).
Next, the antiviral activities (EC 50 ) of the nontoxic concentrations of abalone serum, R1, R2, and R3 were assessed by a fluorescent focus assay on Vero cells. The GFP-tagged HSV-1 (vUL37-GFP HSV-1) and various concentrations of purified hemocyanin (R1 to R3) were added to Vero cells simultaneously for 2 h at 37°C, and the antiviral effect was compared to that of the control (cells infected but not treated with hemocyanin) after 48 h. Serum and R1 to R3 samples demonstrated a dose-dependent antiviral activity, as shown in Fig. 1D . The EC 50 (effective concentration of hemocyanin causing 50% reduction in the number of fluorescent foci) was then calculated by regression analysis of these curves and is summarized in Table 2 . The therapeutic index ( Table 2) was then calculated for comparison of the antiviral efficacies of abalone serum, R1, R2, and R3. Abalone hemocyanin purified by one, two, or three cycles of ultrafiltration had a significantly higher therapeutic index than abalone serum, irrespective of the number of cycles. Therefore, one or two cycles of ultrafiltration was sufficient for obtaining a purified hemocyanin sample, which was 3-fold less toxic and more potent than abalone serum. Figure 1D demonstrates that the anti-HSV-1 activity of hemocyanin occurs in a dose-dependent fashion when added to the cells simultaneously with the virus. This observation suggests that hemocyanin might inhibit early events of the viral life cycle, i.e., binding and entry or perhaps post-viral entry events. To test this hypothesis, hemocyanin was added to the cells before, during, or after virus addition. To test whether the observed inhibitory effect was due to hemocyanin blocking cellular receptors that are involved in viral binding and entry, cells were pretreated with hemocyanin for 2 h and washed off prior to infection. Alternatively, hemocyanin and virus were added to cells simultaneously for 2 h at 37°C and then removed, and finally HSV-1 was added to the cells for 2 h before the addition of hemocyanin for 2 h at 37°C. The effect of the addition of hemocyanin on viral infection under all the above-described test conditions was compared to the positive control (parallel experiment in the absence of hemocyanin) in Fig. 2A . As expected, the highest inhibition of HSV infection was observed when hemocyanin and HSV were added to the cells at the same time, but no effect was observed when hemocyanin was added before or after viral addition. This suggested that hemocyanin interacted with either HSV or perhaps its cellular receptors. However, the lack of effect of adding hemocyanin to cells immediately prior to the addition of HSV is not consistent with binding to cellular receptors. Thus, hemocyanin inhibits a step during viral attachment to and/or fusion with the cell membrane probably by interacting with the virus.
Hemocyanin inhibits HSV binding or entry but not postentry events.
Hemocyanin interacts with infectious virus. The possibility that the interaction between HSV-1 and hemocyanin had an effect on the infectivity of virus was tested directly by immunofluorescence microscopy and fluorescent focus assay. The confocal images in Fig. 2B revealed that exposure of HSV F-GS2822 to hemocyanin for 20 min prior to incubation with Vero cells for 1 h at 37°C inhibited viral binding and entry into these cells. This was shown by the absence of red fluorescent protein (RFP)-labeled virus in the cytosol, as opposed to the infected control without hemocyanin, which showed abundant cytosolic labeled virus (Fig.  2B ). This result was confirmed by quantifying the effect of preincubating vUL37-GFP HSV-1 with hemocyanin for 20 min at 4°C and 25°C on infection in Vero cells. Treated and untreated viruses were added to cells at 37°C for 2 h, and after removal of the unbound virus, the cells were incubated at 37°C for 48 h. The results in Fig. 2C show a significant decrease in the infection of Vero cells when the virus was pretreated with hemocyanin. As HSV-1 binds to negatively charged HSPG via its positively charged domains in gB and gC (7), the effect of exposing HSV-1 to heparin was tested as a positive control. As anticipated, preexposure to 10.5 M heparin significantly impaired HSV-1 infection (Fig. 2C) .
Hemocyanin inhibits infection by binding directly to HSV-1. By varying the time of addition of hemocyanin with respect to HSV infection, we showed that hemocyanin blocks viral attachment and entry ( Fig. 2A) , possibly by interacting with the virus. The direct binding of hemocyanin to HSV-1 was confirmed by showing purified intact HSV-1 (F strain) bound to immobilized hemocyanin on ELISA plates. Dimer subunits (800 kDa, the structural component of hemocyanin didecamer) were included in these tests to verify that the binding is not just due to nonspecific trapping by the large size of the hemocyanin molecule (8 MDa). Gel electrophoresis showed that the isolated dimers were stable for 1 month and did not reassociate or degrade spontaneously. Various concentrations of hemocyanin/dimer subunit were used to optimize surface coating (Fig. 3A) . Based on the results shown in Fig. 3A , coating with 0.02 to 0.4 nM hemocyanin and 1.4 to 5.7 nM dimer subunit yielded optimum coverage with minimum background signals.
The binding of HSV-1 (F strain) was then tested by the addition of several dilutions of HSV-1 (Fig. 3B) to immobilized hemocyanin or the dimer subunit at 0.05 nM or 1.4 nM, respectively. Figure 3B shows that the dimer subunit bound to HSV-1 as efficiently as hemocyanin at most dilutions of HSV-1 and that the binding was significantly higher than that of the negative control (wells coated with blocking buffer). Therefore, we concluded that hemocyanin directly interacts with HSV-1 and that the binding characteristics of the whole molecule are preserved with the dimer subunit.
Hemocyanin binds to viral surface glycoproteins gB, gD, and gC. After hemocyanin was shown to bind to intact HSV-1, its capacity to bind to viral glycoproteins expressed on the surface of virus was also ascertained by ELISA. HSV-1 was incubated with decreasing concentrations of polyclonal anti-gD, -gB, or -gC IgG to inhibit HSV-1 binding to hemocyanin. As shown in Fig. 4A , incubation with these antibodies inhibited HSV-1 from binding to hemocyanin in a dose-dependent manner, indicating that hemocyanin interacted with gD, gB, and gC from HSV-1. In contrast, incubation of HSV-1 with an antibody directed toward the tegument protein VP16 or normal rabbit IgG failed to interfere with HSV-1 binding to immobilized hemocyanin.
If hemocyanin is capable of binding to these glycoproteins expressed on the surface of intact virus, it should also be able to bind to the soluble ectodomain of gD, gB, and gC. To confirm that hemocyanin directly binds to viral glycoproteins, decreasing concentrations of recombinant gD-1 (306t), gB-1 (730t), and gC-1 (214t) were added to hemocyanin or the dimer subunit on ELISA plates. The results in Fig. 4B and C show that soluble gB bound to both hemocyanin and the dimer subunit more efficiently than gD and gC. In contrast, neither hemocyanin nor the dimer subunit bound to the tegument protein of human cytomegalovirus (pp65), which served as the negative control. In order to identify the nature of interaction between gB/gD and hemocyanin/dimer subunit, we compared the binding of mutant gD, gD-1 (rid1), mutant gB, and gB-1 (PK Ϫ ) molecules to hemocyanin and the dimer subunit ( Fig. 4B and C) . The rid1 mutation is a point mutation at position 27, which knocks out binding to HVEM but enhances binding to nectin-1 (5), and the gB PK-mutation comprises deletion of the HSPG binding site of gB, which is a 68-amino-acid, lysine-rich sequence (7). As illustrated in Fig. 4B and C, gD-1 (rid1) bound more efficiently to hemocyanin/dimer subunit than gD-1, suggesting that a motif in the hemocyanin or the dimer subunit mimics the gD binding domain in nectin-1. On the other hand, deletion of the HSPG binding domain from gB reduced binding to hemocyanin and the dimer subunit compared to that of gB without the deletion, suggesting that binding of gB to hemocyanin is mostly mediated by binding of the positively charged region in gB to negatively charged amino acids in hemocyanin. Furthermore, we performed a competition ELISA in which heparin competed with gB or gD in binding to hemocyanin, as shown in Fig. 4D . The result demonstrated that heparin only partially inhibited both interactions. This suggests that a conformational component in hemocyanin also mediates the binding and it is not just a charge effect. Thus, these findings strongly endorsed our hypothesis that hemocyanin impairs HSV-1 entry by interfering with gD and gB functions during viral entry. Hemocyanin and its dimer subunit consistently behaved similarly in binding to HSV-1, viral surface glycoproteins, and mutant viral glycoproteins, underlining that the interaction of hemocyanin with virus is not a nonspecific interaction resulting from the large size of the hemocyanin molecule and is not dependent on assembly of the dimers into the whole molecule.
DISCUSSION
The main objective of this study was to determine the mode of action of hemocyanin as an inhibitor of HSV-1 infection, using in vitro assays. The results of this study showed that hemocyanin has antiviral activity against HSV-1 in a dose-dependent manner. More importantly, our data show that hemocyanin binds specifically to viral surface glycoproteins, thereby inhibiting the attachment and entry of HSV-1 into host cells.
In this study, hemocyanin was separated from any compound smaller than 100 kDa by ultrafiltration to ensure that the measured antiviral activity was due to hemocyanin and not the peptides. The composition of serum from H. rubra has not yet been studied; however, we detected small proteins (Ͻ100 kDa) at very low concentrations in the serum (unpublished data). The exclusion of these peptides was necessary because they are considered effective components of the innate immune system of invertebrates in combating microbial attacks (41, 42) . Therefore, they could exhibit antimicrobial and antiviral activity.
The cell viability assay before and after ultrafiltration demonstrated that purification of hemocyanin resulted in a significant decrease in the toxicity of retentate after each 20-min cycle of ultrafiltration, while the intensity of characteristic bands of hemocyanin remained stable in blue native PAGE gels. Measuring the toxicity of permeate also confirmed that the separated compounds were considerably more toxic than hemocyanin. The therapeutic index of purified samples was higher than that of innate abalone serum due to removal of the toxic residues. Therefore, we concluded that the observed antiviral activity was due to hemocyanin. This result is in agreement with previous studies, which demonstrate the activity of hemocyanin against HSV-1 (20-22) .
The results of our in vitro tests (addition of hemocyanin at different time points with respect to infection) elucidated that hemocyanin blocks viral entry and attachment but not postentry events. Hemocyanin showed the greatest inhibitory effect when added to the cells simultaneously with the virus. Therefore, the interference with viral binding and fusion could be due to the interaction of hemocyanin with the virus and/or host cell surface proteins that are involved in viral entry. Interaction between hemocyanin and cell surface receptors was studied by treatment of cells with hemocyanin before infection. This treatment failed to inhibit the infection of Vero cells. This result strongly suggests that hemocyanin did not bind directly to the known cellular attachment and entry receptors for HSV-1, including HSPG, HVEM, nectin-1 and -2, and 3-O-sulfated heparan sulfate, to block infection. Conversely, preincubation of HSV-1 with hemocyanin resulted in a significant decrease in the infection of Vero cells measured as fluorescent foci. Furthermore, our immunofluorescence studies showed that pretreating virus with hemocyanin blocked entry into Vero cells. These results strongly suggested that hemocyanin bound directly to HSV-1. Direct binding of hemocyanin to another virus was previously shown by Zhang et al. (43) , who demonstrated that hemocyanin from the shrimp Penaeus monodon bound to white spot syndrome virus.
It is pivotal to discover the mechanism of interaction between hemocyanin and HSV-1 and to also determine whether this effect is due to nonspecific viral trapping by the very large hemocyanin molecule instead of a specific interaction with the virus. Hemocyanin specifically inhibited viral binding and attachment, and therefore, we hypothesize that it blocks viral surface glycoproteins that are involved in this process. In order to show that this effect is independent of the size of hemocyanin, we compared the binding capacity of the whole molecule to that of the dimer subunit, which is 10-times smaller than native didecamers of hemocyanin in ELISA.
In the present study, ELISA was used to confirm direct binding between hemocyanin/dimer subunit and HSV-1. It was shown that purified HSV-1 bound strongly to hemocyanin didecamers and dimer subunits. Two different experiments were then designed to assess whether hemocyanin bound to viral surface glycoproteins gB, gD, and gC. First, it was shown that incubation of HSV-1 with decreasing concentrations of antibodies against gD, gB, and gC interfered with HSV-1 binding to hemocyanin. More importantly, recombinant viral glycoprotein gD, gB, or gC expressed in baculovirus directly bound to hemocyanin as well as dimer subunits. Therefore, hemocyanin inhibits viral entry by interfering with the attachment of viral gD, gB, and gC to cellular receptors. These results are consistent with the in vitro antiviral tests, which showed that hemocyanin prevented viral attachment and entry.
The mechanism of hemocyanin interaction with viral glycoproteins is not yet fully defined. It is known that hemocyanins are glycosylated (20, 44, 45) , and some of the important features of hemocyanins in clinical applications such as immunogenicity and antigenicity are related to their high carbohydrate content and unusual glycans (46) (47) (48) . Furthermore, Dolashka-Angelova et al. (20) demonstrated that one functional unit (50 kDa; the building blocks of hemocyanin) of Rapana thomasiana hemocyanin that was natively devoid of glycans lacked antiviral activity against poliovirus type 1. Therefore, the interaction of hemocyanin and viral surface glycoproteins might be related to glycosylation. However, our results do not support this. gB, gD, and gC do not bind to glycans on their cellular receptors but to regions of charged amino acids on sulfated proteoglycans (9) . Thus, charge and conformation might play more important roles than glycosylation. The results of competition ELISA with heparin were in agreement with this hypothesis showing that the interaction between hemocyanin and gB or gD was partially inhibited in the presence of heparin. Furthermore, hemocyanin is a highly acidic protein (pK a 3.5) because of the predominance of Asp and Glu residues, often in stretches. As HSV-1 glycoproteins gB, gC, and gD contain highly basic complementary regions, which bind the cellular HSPG and HVEM receptors (49) , hemocyanin may interfere with these interactions. The contribution of charge was shown by incorporating a gB mutant deleted for the positively charged region, which is the HSPG binding domain. This mutation decreased binding to gB, indicating that a negatively charged region in hemocyanin or the dimer subunit regulates binding to gB. On the other hand, the rid1 mutation in gD enhanced binding of hemocyanin and the dimer subunit to gD. The rid1 mutation prevents the usage of HVEM for entry by interfering with the formation of a hairpin loop at the N terminus of gD, which is necessary for formation of the gD-HVEM complex. However, gD (rid1) binds to nectin-1 with increased affinity, which is due to a weaker interaction between gD N and C termini than that in native gD, which promotes binding to nectin-1 (5). This observation suggested that the hemocyanin binding site in gD resembles the nectin-1 binding site. Nectin-1 interacts with a large surface on gD involving mostly residues from the C-terminal extension and a few amino acids from the N-terminal region (50) . Thus, there may be two regions on abalone hemocyanin which bind to HSV-1 via gD and/or gB. However, as the change of conformation of the rid1 mutant is extensive, more experiments are required to confirm this conclusion. Future studies will focus on defining these glycoprotein binding regions on hemocyanin, using proteolytically cleaved functional units or recombinantly expressed proteins.
Therefore, the definition of binding of abalone hemocyanin and hemocyanin dimers to HSV-1 glycoproteins is encouraging for the development of one or more hemocyanin analogues as potential inhibitors of HSV-1 infections. In the future, we aim to develop small-molecule inhibitors of the hemocyanin-gD or -gB interactions as potential antiviral inhibitors of HSV binding and entry. They would have a distinct mode of action compared to that of current antiviral compounds and could be used in synergy with current drugs.
